Background: Autistic-like traits (ALTs) are continuously distributed in the general population, with the autism spectrum disorder (ASD) at the upper extreme end. A genetic overlap has been shown between ALTs and ASD, indicating that common variation in ASD candidate genes may also influence ALTs. In our study, we have investigated the SNP rs4307059 that has been associated with both ALTs and ASD. In addition, we genotyped polymorphisms in a selection of genes involved in synaptic functioning, that is, SHANK3, RELN, and CNTNAP2, which repeatedly have been associated with ASD. The possible associations of these polymorphisms with ALTs, as well as genetic factors for neurodevelopmental problems (NDPs), were investigated in a large cohort from the general population: The Child and Adolescent Twin Study in Sweden. For analyses of ALTs and NDPs, 12,319 subjects (including 2,268 monozygotic (MZ) and 3,805 dizygotic (DZ) twin pairs) and 8,671 subjects (including 2,243 MZ and 2,044 DZ twin pairs), respectively, were included in the analyses.
Background
Autism spectrum disorder (ASD) is a heterogeneous group of neurodevelopmental disorders that are characterized by impairments in social interaction restricted and repetitive behavior and communication impairments. Furthermore, there is a large co-morbidity between ASD and other neurodevelopmental disorders, such as Attention Deficit/Hyperactive Disorder (ADHD) [1] and a shared genetic susceptibility has been suggested for neurodevelopmental disorders [2] .
The phenotypic heterogeneity within ASD is probably the major explanation for the inconclusive results from genetic studies of ASD. Indeed, the majority of genes and biological pathways clearly implicated in ASD have been identified in studies of rare variation [3] , whereas studies of common polymorphisms, both in large, genome-wide association studies (GWAS) [4] [5] [6] and smaller hypothesis driven studies have yielded inconclusive results [3] . Another approach to investigate the role of common variants in ASD is to assess milder, non-pathological phenotypes related to ASD, such as autistic-like traits (ALTs), that are dimensionally distributed in the general population [7] . Theoretically, common variations would have a larger impact for ALTs than for severe ASD [3] , and this approach also allows for analyses of the genetics for different aspects of the autistic phenotype separately [8] . Indeed, it has been shown that ALTs and clinical ASD are etiologically related [7] and one example of a single nucleotide polymorphism (SNP) that has been associated both with ASD [5] and social interaction impairment is a SNP (rs4307059) between the genes Cadherin 9 and 10 (CDH9 and CDH10) [9] . Also, a SNP (rs2710102) in the Contactin associated protein-like 2 (CNTNAP2) has been shown to affect language development in the general population [10] and age at first word in children with ASD [11] .
Genetically determined abnormalities in neurodevelopment and synaptic functioning are increasingly recognized as a cause of ASD. Although these findings primarily are based on rare mutations identified in ASD families [12] [13] [14] , there is evidence for an influence of also common polymorphisms in ASD [3] . In the present study we initially evaluated the association between common variation in three genes involved in neurodevelopment and/or synaptic function, that is, CNTNAP2, SH3, and multiple ankyrin repeat domains 3 (SHANK3) and Reelin (RELN), and continuous measures of ALTs. Second, we investigated the possible influence of rs4307059 (between CDH9 and CDH10) and rs2710102 (CNTNAP2) on both ALTs and ASD. Finally, we explored the influence of the five SNPs on neurodevelopmental problems (NDPs). Thus, the purpose of our study was to expand and partly replicate previous findings regarding these SNPs in autism related phenotypes.
Subjects and methods

Participants and measurements
The subjects in our study are part of The Child and Adolescent Twin Study in Sweden (CATSS) that is focusing on neurodevelopmental problems in children [15] . Our sample from the CATSS included 2,301 monozygotic (MZ) twin pairs, 3,870 dizygotic (DZ) twin pairs, and 84 subjects included without their co-twin. From this sample, we have excluded 107 subjects due to documented brain damage or a known genetic syndrome; a total of 12,319 subjects were included in our analyses of ALTs. For analysis of NDPs a total of 8,671 subjects were included: 2,243 MZ and 2,044 DZ twin pairs, and 97 subjects without their co-twin. The CATSS study has ethical approval from the Karolinska Institutet Ethical Review Board, and informed consent was obtained from the participants.
The parental questionnaire Autism-Tics, ADHD, and other Co-morbidities inventory (A-TAC) was answered by the parents in connection to their twins' 9th or 12th birthday [16, 17] ; 70% are 9 years old (N = 8,623) and 30% are 12 years old (N = 3,696) at the time of testing. The A-TAC consists of 96 questions, of which 17 measure ALTs: six questions correspond to the language impairment, six to the social interaction impairment, and five to restricted and repetitive behavior. The A-TAC score can also be used as a proxy for a clinical ASD diagnosis if the children score higher than 8.5 points on the scale (N = 90 in our sample) [17] . Furthermore, 53 items in the A-TAC have been used to identify a general genetic factor, that is, a factor that consists of all neurodevelopmental problems (NDPs) as well as three genetic subfactors (tics and autism, hyperactivity, and learning problems) that were independent of the general genetic factor and primarily identified by a smaller number of specific symptoms [18] . These four factors were based on over 6,500 twin pairs and were designed to have 100% heritability by fixing the correlations across twin pairs at their expected genetic pedigree (that is, at r = 1.0 for MZ and at r = 0.50 for DZ twins). Since the calculations are based on a heritability estimate that is twice the difference between MZ and DZ twins, the factors end up having 100% heritability. Please note that the 100% heritability is a statistical routine to maximize factor loading, rather than an actual estimate of the heritability of these traits. By relying on the expected twin correlations, factor analysis identified the specific set of weights for the items that were perfectly heritable. Because one factor had substantial and positive weights on all 53 items, it was considered general, that is, all symptoms partly shared the same genetic origin. Given that these factors were entirely genetic in origin, their associations with specific candidate genes may emerge more clearly.
Genotyping and statistical analyses
Five single nucleotide polymorphisms (SNPs) in the genes CNTNAP2 (rs2710102 and rs7794745), RELN (rs362691), SHANK3 (rs9616915), and rs4307059 between CDH9 and CDH10 were genotyped. DNA was extracted from saliva using OraGene DNA Self-collection Kit (DNA Genotek Inc., Ottawa, Canada) and the SNPs were genotyped using the Kompetitive Allele Specific PCR (KASP) Genotyping System (LGC Genomics, Herts, UK). All of the SNPs were in Hardy-Weinberg Equilibrium (P >0.01) and the genotyping success rate was above 97%.
Statistical association, for ALTs and NDPs, were estimated using linear mixed effect models in the MIXED procedure (PROC MIXED) and for the case-control analyses we used the GLIMMIX procedure of SAS 9.3 (SAS Institute, Inc., Cary, NC, USA). Both of these models allowed us to adjust for the dependent nature of the twin observations, that is, A-TAC scores from all genotyped subjects were included in the analyses. For the MIXED procedure, the genotypes were coded as quantitative measures (0 = major allele homozygote, 1 = heterozygote, and 2 = minor allele homozygote) and effect sizes are presented as the regression coefficients for these analyses. To consider the possible influence of age at testing, all analyses were also performed adjusted for age (see Additional file 1). The Bonferroni corrected P value was set to 0.0016 (<0.05/32, adjusted for eight A-TAC measurements and four genetic regions). We used the Quanto software to analyze which effect sizes (β-value) we would be able to detect with a power of 90% or more using an additive genetic model at a significance level of 0.0016 [19] . The mean values and standard deviation for ALTs, ALT modules, and NDPs were used for the power analyses (N = 12,319). For ALTs we had 90% power to detect the following effect sizes: βvalue between 0.08 and 0.09 for all SNPs except for rs36269 (β = 0.12, MAF = 0.13). For the ALT domains (language and social impairment, and restricted and repetitive behavior) the effect size (β-values) ranged between 0.04 and 0.05 and for the genetic factors for NDPs it ranged between 0.03 and 0.06.
Results and discussion
Our approach was to investigate ALTs and common genetic variations previously implicated in ASD, that is, polymorphisms in CNTNAP2, SHANK3, RELN, and the SNP rs4307059 between CDH9 and CDH10. We could not find any significant association with ALTs for any of the investigated SNPs, however, we did see a nominal significance for the association between the CNTNAP2 SNP rs7794745 and both social interaction impairment and total ALT scores ( Table 1 ).
In the CNTNAP2 gene, the SNP rs7794745 has been associated with autistic disorder [20] while the SNP rs2710102 has mainly been associated with language problems [11] . A study by Whitehouse et al. found nominal significance between rs2710102 (CNTNAP2) and quantitative measures of early language acquisition in the general population [10] , which was not replicated in our study ( Table 1) .
The SNP rs4307059 in the CDH 9/10 region has previously been associated with ASD in a GWAS [5] , and was replicated in a study by Ma et al. [21] . This SNP has also been associated with social communication impairments in a large population [9] , however, in line with the results from the two GWAS for autistic traits [22, 23] , this could not be replicated in our study (Table 1 ). However, it should be noted that one of the ALT GWAS included a pooled SNP analysis [23] and the other had a sample size of 965 subjects [22] . The inconsistency in results may also be due to the use of different measures of ALTs in the studies. To compare our results from previous case-control studies, we used the A-TAC score as a proxy for an ASD diagnosis [17] ; rs4307059 was not significantly associated in this case-control analysis ( Table 2) . Notably, we had low statistical power in these analyses due to the small number of children with A-TAC scores corresponding to an ASD diagnosis.
The rs362691 in RELN has been associated with ASD in a recent meta-analysis that included five association studies [24] ; one of the included studies showed significant association [25] . In SHANK3, mainly rare genetic variations have been identified in subjects with ASD [14] and association analysis for rs9616915 has previously shown negative results for association with ASD in both European and Han Chinese populations [26] . The previous negative findings do not rule out a potential influence of common variation in SHANK3 or RELN on autistic-like traits, which has not been investigated previously. However, in our study we did not find significant associations between ALTs and rs9616915 or rs362691 (Table 1) . Since there is a large co-morbidity between NDPs, we also explored the influence of our ASD candidate SNPs on four genetic NDP factors designed to have 100% heritability [18] , that is, we explored the genetic etiology of the co-morbidity among NDPs. These analyses did not show a major influence of these SNPs on the genetic NDP factors (Table 3 ).
In line with the GWAS published for autistic traits [22, 23] , we did not find significant association between the investigated SNPs and ALTs in our large population, although nominal significance is observed for the CNTNAP2 SNP rs7794745. Hence, our results suggest that these genes, which previously have been found associated with ASD diagnosis, do not have any major influence on ALTs in children from the general population. However, it cannot be excluded that other variants in the same genes may have an effect since our selected SNPs do not capture all variations within our selected genes. Further studies that investigate the influence of genetic variation on different measures of ALTs are highly warranted to better understand the genetics of autism related phenotypes and neurodevelopmental disorders.
Conclusion
Taken together, our association analyses between the investigated autism candidate regions and ALTs do not suggest a major influence on ALTs in children from the general population.
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